Mn ferrite (MnFe 2 O 4 ) nanoparticles, having diameters from 4 to 50 nm, were synthesized using a modified co-precipitation technique in which mixed metal chloride solutions were added to different concentrations of boiling NaOH solutions to control particle growth rate. Thermomagnetization measurements indicated an increase in Néel temperature corresponding to increased particle growth rate and particle size. The Néel temperature is also found to increase inversely proportionally to the cation inversion parameter, δ, appearing in the formula
Introduction
Magnetic oxide nanoparticles (NP) exist in a rich variety of structures and chemistries and are found commonly in both terrestrial and extraterrestrial environments [1] . In order to understand their unique properties and further promote their utility, one must fully understand the correlation between chemistry, structure, particle size, and processing [2] [3] [4] .
Among the broad classification of magnetic oxides, the spinel ferrites, due to their high magnetic permeability and low conduction losses, find wide use in high frequency devices. As nanoparticles, they are also considered for biomedical applications including as contrast agents in magnetic resonance imaging [5] and several promising cancer remediation therapies (e.g. drug delivery, magnetohyperthermia, and magnetorheological fluids) [6] . Limiting the rapid development of these emerging technologies is that ferrite magnetic properties vary widely when prepared as nanoparticles [7] [8] [9] . Because of this, understanding the processing and refinement of ferrite nanoparticles is of great interest and importance.
Difficulties in understanding their size dependent properties in nanoparticle systems arise from the lack of atomic structural information such as bond distances, local chemistry, surface atom symmetries, and element specific oxidation states. Recently, sophisticated synchrotron radiation tools have been added to the conventional techniques to enable a quantitative approach in determining these important properties [10] [11] [12] [13] [14] . In this paper, we apply x-ray absorption techniques with Mössbauer spectroscopy, electron microscopy, xray diffraction, and thermomagnetization measurements to reveal the influence of particle size on the Néel temperature and other intrinsic magnetic properties of ferrite NPs [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Mn ferrite is chosen as the focus of this study, since Mn cations are of comparable size to Fe ions and exist in a multitude of oxidation states allowing them to readily substitute for Fe cations on tetrahedral and octahedral sites within the spinel ferrite lattice. Further, previous researchers have studied Mn ferrite nanoparticles, and in particular, the size dependence of some physical and magnetic properties [18] [19] [20] [21] [26] [27] [28] [29] [30] . These earlier studies allow us to evaluate our findings in both a historical and technical context.
The investigation of size effects of magnetic properties in ferrite nanoparticles was first reported by Tang et al in 1991, who unambiguously measured an enhanced Néel temperature (T N ) in nanoparticle Mn ferrite prepared by chemical coprecipitation [31] . In that report, the authors attributed the enhancement in T N to a finite size scaling effect. Shortly thereafter, van der Zaag et al [21] conjectured that the effect could be attributed largely, if not solely, to cation redistribution in which Mn cations fill a greater fraction of octahedral sites than that of similar materials prepared by more equilibrium processes. Such cation disorder has been measured in chemically prepared Mn ferrite, and Mn-containing ferrites, prepared by wet chemical methods, using NMR [32] , neutron diffraction [33] , and Mössbauer effect [34] . In 1992 Tang et al [30] , revisited this problem and demonstrated that a cation redistribution was insufficient to account for the measured rise in Néel temperature. In 1994, Kulkarni et al [19] again attributed a rise of ∼47 K in Néel temperature of Mn ferrite nanoparticles to finite size scaling. van der Zaag et al [35] in 1995 continued to insist that nonequilibrium cation distribution, together with the oxidation of Mn 2+ into Mn 3+ , were responsible for the ∼47 K Néel temperature rise. It is important to note, that nearly all of these studies report the trend of increasing Néel temperature with particle size reduction. Because of this, we pose the following questions as objectives of the present study. (i) What is the mechanism that gives rise to the increased T N in Mn ferrite, and possibly other, ferrite nanoparticle systems? (ii) Is there a particle size dependency upon T N , and if so, what is its fundamental mechanism? (iii) Is it possible to tune T N in particle systems independently of particle size?
In the case of spinel ferrites, both the distribution and the valence of metal ions play an important role in determining magnetization, exchange energy, and electronic transport properties. Knowledge of the cation distribution is crucial to understanding the magnetic and electronic properties of spinel ferrite nanoparticles, but remains difficult to quantify in the case of nanoparticles in which the surface may play an important, and often dominant role. In exploring this relationship, McHenry et al [36] revealed that the surface truncation in ferrite nanoparticles leads to size dependent selective surface faceting-the faceting in turn leads to a preference for surface cation symmetry, pronounced YafetKittel canted spins, and anomalous and possibly enhanced surface anisotropy. This would naturally lead to modification of the superexchange interactions, which are highly sensitive to bond angles, affecting intrinsic magnetic properties and consequently changes to the Néel temperature.
Here, we unambiguously and quantitatively link the origin of the enhanced Néel temperature in Mn ferrite nanoparticles to the superexchange energy resulting from a particle growthrate-induced cation inversion. In the present study, x-ray absorption fine structure and field and temperature dependent Mössbauer effect measurements, establish the relationship between growth rate, lattice volume, cation distribution and valence, and the Néel temperature. Ultimately, the measured short-range structure, chemical, and electronic properties are introduced into a molecular field theory approximation to calculate and compare with experimental thermomagnetization data. The role of growth rate in determining cation disorder in nanoparticles is akin to the 'quenching in' of cation disorder commonly experienced in ferrite films produced by vapor deposition processes [37] . We find that the enhanced Néel temperature corresponds to an increased particle growth rate and particle size. These results contradict previously published reports of trends of increased Néel temperature with reduced particle size and demonstrate the dominance of cation inversion in determining the strength of superexchange interactions and subsequently Néel temperature in ferrite systems. We contend that in contrast to most previously reported studies of enhanced Néel temperatures in nanoparticle ferrite systems, the particle surface chemistry, structure, and magnetic spin configuration play secondary roles to cation inversion.
Experimental techniques

Chemical processing method
The Mn ferrite nanoparticles, that are the focus of the present study, were synthesized by a modified co-precipitation method. • C for 120 min. The pH value of the solution was adjusted by varying the molar amounts of [OH − ] from 0.425 to 4.0 M. The pH environment is critical to particle nucleation, rate of growth, and stabilization, and ultimately the size of the resulting particles. Following the completion of the reaction, the resulting particles were rinsed in distilled water, filtered, and dried at 70
• C for 12 h.
Structure and morphology measurements
X-ray diffraction analysis entailed the collection of data using a Cu Kα radiation in a θ -2θ geometry under standard atmospheric conditions. Phase identification, phase purity, particle size, and lattice parameters were determined using a least squares fitting analysis of the data. Figure 1 is a representative plot of XRD data indicating these MnFe 2 O 4 particle samples exist as a pure spinel phase (space group: Fd3m). The standard spinel ferrite pattern is presented below indicating both peak positions and relative amplitudes. Particle diameters, estimated from x-ray diffraction Scherrer analysis [38] , and by direct imaging using transmission electron microscopy (TEM), were found to range from 4 to 50 nm. The inset to figure 1 illustrates a TEM image of nanoparticles taken from the same sample used in data collection of the XRD spectrum. Residual surfactant decorates Intensity (a. u) 2-Theta(°) Figure 1 . A representative x-ray diffraction θ-2θ spectrum for Mn ferrite nanoparticle specimen. The data confirms that the nanoparticles are pure phase spinel ferrite (space group: Fd3m). Least squares fitting analysis indicates the lattice parameter, a 0 , is 0.846 83 ± 0.000 183 nm.
The inset is a TEM image of the same particles used in collection of these XRD data.The smaller features decorating the particles are residual surfactant used in processing. the surface of some particles. The average particle size and standard deviation is obtained by TEM. This information is presented in table 1, together with the short-range structure properties garnered from the XAFS analysis, will be discussed below. Chemical analysis of all nanoparticle samples, using induction coupled plasma spectrophotometry (ICP) and energy dispersive x-ray analysis (within an SEM column), confirmed the elemental composition ratio of Mn:Fe to be 0.5. To measure the metal ion distribution and valence within the Mn ferrite nanoparticle lattice, we carried out extended x-ray absorption fine structure (EXAFS), x-ray absorption near edge spectroscopy (XANES), and Mössbauer effect measurements.
Measurement of cation disorder within spinel ferrite nanoparticles
X-ray absorption fine structure data, containing both the near edge and extended structure regions, were collected at the National Synchrotron Light Source at Brookhaven National Laboratory (Upton, NY) using beamline X23B. Energy scans from 100 eV below the Mn absorption K-edge (6539 eV) to 12 photoelectron wavenumbers (k) above the edge, and 35 eV below the Fe absorption K-edge (7112 eV) to 14.5k above the edge, were collected in a transmission geometry at room temperature using gas ionization detectors filled with a mixture of nitrogen and argon gases. The fine structure above the Mn absorption edge was terminated at 12k due to the onset of the Fe K absorption edge and converted to photoelectron wavevector (k) space (see the inset to figure 2(a)). A representative spectrum of the normalized absorption intensity of the Mn K-edge data is presented in figure 2(a) . The kspace data of figure 2((a)-inset) is presented with error bars that reflect the statistical noise originating from beam stability, detector-amplifier network nonlinearities and noise, and the quality of the sample, among other sources. These data were then Fourier transformed to radial coordinates ( figure 2(b) ). Fourier peak amplitudes correlate with atomic coordination and the static and dynamic disorder of ions distributed about the peak centroid. The centroid is phase shifted in radial coordinates due to a photoelectron phase shift inherent to EXAFS data. As we will discuss, the Fourier amplitude is more complex than stated, in that in addition to coordination and the static and dynamic atomic disorder, its amplitude is modified due to the surface truncation effects common to nanoparticle systems. All of these contributions are incorporated in the model and fitting procedures executed here as will be discussed.
EXAFS data were analyzed and modeled using the Athena and Artemis codes developed by Ravel and Newville, respectively [39] . The single edge, multiple scattering analysis of cation distribution in ferrite materials by EXAFS was first performed by Harris et al [10, 11] and later extended to a multiedge refinement by Calvin [12, 13] . Theoretical EXAFS standards were generated by the FEFF-6 codes of Rehr et al [40] . In applying EXAFS to nanoparticle Mn ferrite samples, a constrained model previously constructed for MnFe 2 O 4 (presented in [41] ) was employed. The real part of the Fourier transformed (FT) Fe and Mn EXAFS data were fit using the FEFF-generated EXAFS. The best fit and experimental data for the real part of the Fe and Mn edge EXAFS FT are presented in figure 3 . Fitting parameters and the statistical R-factor are presented in table 1 and will be discussed in section 3. Compared with a bulk sample, having relatively large particles (i.e., greater than 100 nm), the FT peaks for NPs appear at similar radial positions with amplitudes substantially reduced. This reduced amplitude is attributed mainly to the reduced coordination of atoms near the surface of the particle [42, 43] . To model this effect, we employed the method described by Calvin et al [44] that includes the size of the particle in the EXAFS analysis. In this model, the coordination numbers are suppressed relative to a bulk crystal by a factor of 1 − 3 , where R is the radius of the particle and r is the distance from the absorbing atom to the coordination shell in question. This model accurately represents the effect of the reduced amplitude observed in Fourier transforms for nanoparticle samples.
Thermomagnetic measurements
The temperature dependent magnetic properties, including the Néel temperature, were determined using vibrating sample magnetometry (VSM) performed over the temperature range from 20 to 800 K in fields up to 5000 Oe. Hysteresis loops were measured using a Quantum Design Physical Property Measurement System (PPMS) over the temperature range from 4 to 300 K. Figures 4((a) and (b) ) show the variation of magnetization with temperature for the 4 and 50 nm ferrite samples measured in a magnetic field of 1000 Oe, respectively. These data were fit to the Curie-Weiss molecular field approximation. Although the fitted data closely reproduces the general shape of the measured data, differences clearly exist. We speculate that this is due to the change in exchange constants caused by a high degree of cation inversion that will be discussed later. Overall, T N values for all nanoparticle samples were measured to be higher compared with that of the ceramic standard (T N = 573 K) (see figure 5) . 57 Fe transmission Mössbauer spectra were recorded at 300 and 77 K using a conventional constant acceleration spectrometer with a 57 Co(Rh) source and a liquid nitrogen bath cryostat. In-field spectra were recorded in the presence of an 8 T external magnetic field applied parallel to the γ -radiation. A metallic pure iron foil was used as a standard for velocity calibration.
Results and discussion
Thermomagnetic Data
The Néel temperature (T N ) was seen in figure 5 to increase as the as-synthesized particle size increased. This result was somewhat surprising since other researchers (see similar data plotted on figure 5 from other references) have reported the opposite trend, i.e. of increasing magnetization and Néel temperature with reduction in particle size [19, 31] . A zerofield-cooled thermomagnetic measurement was collected for the 4 nm Mn ferrite sample from 20 to 800 K under an applied magnetic field of 1000 Oe. It was found that the blocking temperature was above 330 K, which contributed to the enhanced Néel temperature. Low temperature hysteresis loops were measured at temperatures ranging from 4 to 300 K and are plotted in figure 6(a) . An expanded view of the remanence area of the hysteresis plots of figure 6(a) (and from similar data collected at other temperatures), and the temperature dependence of the coercivity, are presented in figures 6(b) and (c), respectively. The ferrimagnetic properties of the nanoparticles were evident even at low temperatures. The coercivity was found to decrease following a power law dependence over the temperature range of 50-300 K. The magnetization values followed a similar trend as the coercivity. These results will be shown to strongly correlate to Mn ion occupation on octahedral sites controlled in part by the process reaction rate.
Quench-rate-induced cation disorder
The XAFS analyses allow for the determination of cation site occupancy and other short-range order structural, chemical, and electronic parameters. The results from the EXAFS fitting analyses are presented in table 1. The R-factor, which is a measure of the fractional difference between the best fit and the experimental data, is less than 0.03 for all samples signifying a high quality of fit. From table 1, it is seen that all four samples have reduced lattice parameters in comparison to the bulk value of 8.50Å [45] , while the oxygen parameter is dilated, but in all instances less than 1% relative to the bulk value. It is important to note that as particle size increased, the lattice parameter reduced from 8.421(2), 8.400(2), 8.387(2) to 8.383(2)Å. The degree of contraction corresponds to the increase in Néel temperature. We conjecture that the contraction of the lattice leads to greater cation-anion-cation bond angles and increased superexchange interactions [46] leading to an increased Néel temperature. We will next explore if this contraction of the lattice correlates with measurable cation inversion. The magnitude of the NaOH concentration correlates with the rate of particle growth. Error bars, plotted on the particle size and Néel temperatures, reflect the uncertainty in the measurements and modeling analyses. The measured particle diameters for each sample are denoted aside each data point.
In all four samples, the EXAFS modeling indicated the percentage of Mn ions on the octahedral sublattice is higher than the 20% typically quoted as the equilibrium bulk value [45] . As the particle size increased, it was found that the inversion parameter, δ, decreased from 63 ± 2% to 54 ± 2%. Here, the inversion parameter is the percentage of Mn ions on octahedral sites, described as ( figure 7 , it is observed that the highest inversion parameter corresponds to the lowest Néel temperature and the highest molar concentration of NaOH. The latter correlates directly with particle growth rate. This trend is in agreement with earlier findings of cation disorder in pulsed laser deposited MnFe 2 O 4 thin films [47] .
In order to substantiate the EXAFS derived shortrange order parameters, as well as to provide insight into short-range order magnetic properties, we have carried out temperature and field dependent Mössbauer effect measurements of nanoparticle samples.
As illustrated in figure 8 , the 300 K Mössbauer spectra consists of magnetic and quadrupolar components. The isomer shift values reflect the presence of only high spin Fe 3+ ions with no detectable Fe 2+ ions present within the uncertainty of the measurement and analysis. One observes an asymmetric quadrupolar doublet and sextet stemming from the occupancy of Fe ions in both tetrahedral and octahedral sites. It is important to note that these Mössbauer spectra do not allow for determination of their respective occupancy. As the magnetic pattern results from the magnetically blocked particles, and the quadrupolar doublet arises from the superparamagnetic non-interacting particles (i.e. relaxation time is longer and shorter than the measuring 57 Fe Mössbauer time window of τ m ∼ 10 −8 s, respectively), the two components are attributed to the largest and smallest particles, respectively. The 77 K Mössbauer spectrum confirmed this tendency. In the presence of an external magnetic field of 8 T applied along the γ -ray direction at 15 K, the magnetic spectra split into two resolved magnetic components that are unambiguously attributed to the Fe ions residing on tetrahedral and the octahedral sites. These results confirm the ferrimagnetic behavior of these Mn ferrite nanoparticle samples. Such experimental data permit the estimation of the proportions of ferric ions located on tetrahedral and octahedral sites from the respective absorption spectral area. The findings of the Fe 3+ cation distribution for the 4 and 50 nm samples agree well with the EXAFS fitting results presented in table 1 within the uncertainty of the measurement and analyses. The non-vanishing intensity of the second and fifth lines for all three sextets is clear evidence for canted Fe spins (relative to the applied field) on both Aand B-sites [48] . It is important to note, that the canting of Fe moments is largest for the smallest particles and remains relevant for the 50 nm diameter nanoparticles [49, 50] . One concludes that the noncollinear magnetic structure has two main origins: surface and bulk effects including symmetry breaking and topological magnetic frustration resulting from cationic inversion, respectively. The molecular field theory (MFT) approximation of the bulk MnFe 2 O 4 material [49] predicted a lower inversion parameter would result in a lower Néel temperature. This is opposite of what we observe experimentally in this study. We believe that modifications are required in applying MFT to ferrite nanoparticles. For example, Yafet-Kittel surface spin canting, evidenced in the ME studies and present in many nanoparticle systems [50] , is not taken into consideration in the reported molecular field coefficients [49] . Previous researchers have reported enhanced Néel temperatures as the particle size is reduced [19, 31] . From the findings presented here, we demonstrate that the Néel temperature is not governed solely by particle size or surface properties, but rather dominated by cation inversion and its affect on exchange interactions. By increasing the growth rate, by way of increasing the concentration of NaOH solution, the particles experience higher inversion parameters leading to a lower Néel temperatures. The effect of increasing particle growth rate is akin to the 'quenching in' of cation disorder that has been reported in physical vapor deposition of thin ferrite films [37] . The cation valency also plays a large role in determining the exchange interaction. From the linear fitting of the Mn and Fe K-edge x-ray absorption near edge structure (XANES) spectra from 10 eV below the K-edge to 30 eV above the Kedge, using a combination of XANES spectra collected from powder standards, we measured that more than 93 ± 5% of Fe ions are trivalent in nanoparticle samples. The best fit and experimental Fe K-edge XANES spectra for all samples are shown in figure 9. As the particle size increased from 4 to 50 nm, the amount of trivalent Fe increased from ∼93%, ∼96%, ∼99.5%, to ∼100%. As for Mn ion valence, the fitting of the XANES indicated a combination of ∼55% divalent, ∼35% trivalent, and ∼10% tetravalent ions are present in all nanoparticle samples. The average valence state of Mn ions showed a steady increase from 2.40+ to 2.55+ as the nanoparticle size increased which did not significantly alter the above reported ratios. The x-ray photoelectron spectra (XPS) results confirmed the findings from XANES. XPS spectra of Fe edge showed most ions have a valence of 3+ with very little presence of Fe 2+ . Mn XPS spectra indicated a mixture of valences.
From the EXAFS fitting results, a higher mean square radial displacement relative to Mn ions was observed, consistent with there being more than one oxidation state within the structure. Increasing the valence of Mn ions from 2+, 3+ to 4+ would lower the overall magnetization and introduce a Jahn-Teller distortion to the local environment of trivalent Mn ions. The over-oxidation of the Mn ions would increase the chances of Mn ions occupying octahedral sites. The appearance of tetravalent Mn indicates cation defects within the structure. These effects collectively result in lattice contraction, decreased oxygen parameter, increased inversion parameter, and increased exchange interaction, leading to an enhanced Néel temperature.
In summary, Mn ferrite nanoparticles, having diameters from 4 to 50 nm, were synthesized using a modified coprecipitation technique in which mixed metal chloride solutions were added to different concentrations of boiling NaOH solutions to control the particle growth rate. Thermomagnetization measurements indicated an increase in Néel temperature that varied inversely with the cation inversion parameter, δ. However, the enhanced Néel temperature also corresponded with an increase in particle growth rate and particle size. These results contrast previous studies that found the Néel temperature to increase inversely with particle size. The increase in inversion parameter with growth rate can be understood in a qualitative sense as a quenched-in cation disorder similarly observed in vapor-quenched ferrite films. These results demonstrate the dominance of cation inversion in determining the strength of superexchange interactions and, subsequently, Néel temperature in ferrite systems. The particle surface chemistry, structure, and magnetic spin configuration, although important, play secondary roles.
